Rat alveolar epithelial type II (AT2) cells grown on polycarbonate filters form high resistance monolayers and concurrently acquire many phenotypic properties of type I (AT1) cells. Treatment with epidermal growth factor (EGF) has previously been shown to increase transepithelial resistance (TER) across alveolar epithelial cell (AEC) monolayers. We investigated changes in claudin expression in primary cultured AEC during transdifferentiation to the AT1 cell-like phenotype (days 0, 1 and 8), and on day 5 in culture +/-EGF (10 ng/ml) from day 0 or day 4. Claudins 4 and 7 were increased, while claudins 3 and 5 were decreased, on later compared with earlier days in culture.
INTRODUCTION
Tight junctions (TJ) form circumferential intercellular connections between epithelial cells, separating the apical from the basolateral compartments, thereby contributing to cell polarity (23; 27) . In addition, they function as a regulated barrier to the paracellular movement of hydrophilic solutes (including ions) across epithelia, with permeability and ion selectivity of TJ varying among different epithelial cell types (1) . A number of integral proteins have been identified as components of TJ strands, including occludins, junctional adhesion molecules (JAM) and most recently claudins (1; 11; 17; 26; 29) .
Claudins constitute a multi-gene family of ~23-kDa transmembrane TJ proteins that have been implicated as critical determinants of paracellular barrier properties in epithelial cells (11; 18) . Overexpression of claudins in normally claudin-deficient Lfibroblasts led to TJ establishment, indicating that these proteins are both necessary and sufficient for TJ formation (13; 21) . The role of claudins in determining the functional properties of TJ was suggested by diseases caused by mutations of claudin genes (22) . Mutation of claudin 14 is associated with hereditary deafness due to an increase in TJ permeability in the organ of Corti in both mice and humans (3; 33) . Two different human mutations in claudin 16 are associated with renal magnesium wasting or childhood hypercalciuria, suggesting that claudin 16 plays a crucial role in divalent cation-selective channels in TJ of the thick ascending limb of the loop of Henle (19; 24) .
Further evidence for the involvement of claudins in the formation of paracellular ionselective pores or channels came from the demonstration that overexpression of claudin 3 4 led to a decrease in permeability for Na + (30) , while overexpression of claudin 2 in MDCK I cells led to a reduction of transepithelial resistance (TER) without changes in the number of TJ strands (12) . These studies led to the suggestion that claudins create paracellular charge-selective channels, as supported by the demonstration of changes in TER associated with changes in extracellular domains of claudins 2 and 4 (9) and alterations in ion selectivity associated with site-directed mutagenesis of selected extracellular amino acids in claudins 4 and 15 (10) . Their restricted cell-and tissuespecific patterns of expression, and ability to associate in homotypic and/or heterotypic fashion, suggest that the precise combination of claudins contributes to the specific permeability properties of TJ in various epithelia (14; 31; 35) .
The normal alveolar epithelium acts as a resistant barrier to the passive flux of water and solutes from the lung interstitium into the alveolar air spaces (2; 15). Eagle's medium and Ham's F-12 nutrient mixture in a 1:1 ratio (DME-F12), nonessential amino acids and rat immunoglobulin G (IgG) were purchased from Sigma Chemical (St.
Louis, MO). Bovine serum albumin (BSA) and epidermal growth factor (EGF) were from BD Bioscience (Bedford, MA). All other chemicals were of the highest commercial quality available and were obtained from Sigma Chemical.
AT2 cell isolation and primary culture of AEC monolayers. Enriched populations of AT2
cells were prepared as previously described (4; 6). Briefly, AT2 cells were isolated from rat lungs by elastase (15 U/ml) disaggregation. Elastase was neutralized with 2 mM EDTA, 1% BSA, and 0.1% soybean trypsin inhibitor in a buffered saline solution (in mM:
136 NaCl, 2.2 Na 2 HPO 4 , 5.3 KCl, 10 HEPES, and 5.6 glucose). Cells were further purified by panning on IgG-coated bacteriologic plates and resuspended directly in a minimal completely defined serum-free medium (MDSF), consisting of DME-F12 supplemented with 1.25 mg/ml BSA, 10 mM HEPES, 0.1 mM nonessential amino acids, 2.0 mM glutamine, 100 U/ml sodium penicillin G and 100 µg/ml streptomycin (4; 6).
6 EGF (10 ng/ml) for maximal response (5) was added to both apical and basolateral media either from day 0 (chronic exposure) or day 4 (subacute exposure). Total RNA harvested from rat lung was reverse transcribed using oligo-dT primers.
cDNA was amplified using claudin primer pairs for 35 cycles (denaturation at 95°C for 45 sec, annealing at various temperatures (Table 1) expressed as mean ± standard error of the mean (SEM). Significance (p<0.05) of differences between relative densities of more than two data groups was determined by one-way ANOVA with post-hoc testing by Student-Newman-Keuls procedure.
RESULTS
To identify specific claudin isoforms expressed in rat lung, RT-PCR was performed with gene-specific primers using total RNA isolated from whole rat lung.
Bands of appropriate sizes were detected for claudins 1, 3, 4, 5 and 7 ( Fig. 1) .
Consistent with previous reports (29) , mRNA for claudin 2 was not detected in whole lung.
Evaluation of changes in claudin expression during transdifferentiation of AT2 cells towards the AT1 cell-like phenotype in vitro using Northern analysis was performed using gene-specific probes for claudins 1, 3, 4, 5 and 7 that were generated by RT-PCR.
As shown in representative blots in To investigate the relationship between levels of claudin mRNA and protein in AEC, expression of claudins 1, 3, 4, 5, and 7 was evaluated in AEC by Western analysis using commercially available Abs (Fig. 3) . As shown in these representative
Western blots (Fig. 3A) and summarized by densitometric analysis (Fig. 3B) An intact epithelial barrier is of importance in the maintenance of homeostasis in multicellular organisms. The internal environment must be separated from the external environment, while allowing selective permeability to fluids and solutes, both charged and neutral (1; 23; 27) . In alveolar epithelium, as in other epithelia, this task is accomplished by the functionally intact intercellular TJ. Although the protein occludin is structurally associated with TJ and was initially believed to be essential for TJ formation and function, deletion of occludin in transgenic mice was not associated with barrier abnormalities, implying that other proteins must determine TJ properties (20) .
Increasingly, claudins have become recognized as critical determinants of TJ properties (11; 18; 29) . In addition to being responsible for TJ fibril assembly, the particular combination and ratio of specific claudins expressed by an epithelium appear to underlie cell-and tissue-specific permeability properties of TJ (14; 31; 35) . In this regard, extracellular domains of specific claudins have been shown to affect TER and ion selectivity of some epithelial cell lines (9; 10). In the previous study, significant increases in active sodium transport were observed concurrent with effects of EGF on TER (5). These effects appeared to be independently regulated, since effects on TER occurred with a half-time of 12 h, whereas effects on short circuit current had a half-time of 20 h and were associated with increases in expression of both α1 and ß1 subunits of Na observed an increase in paracellular permeability (decrease in TER) following nitrogen dioxide exposure, although short-circuit current was unchanged. These observations suggest that the mechanisms regulating paracellular sodium permeability and active ion transport are likely independently regulated.
Our current findings are generally supported by a recent report (32) demonstrating claudin 3, 4 and 5, but little or no claudin 1 or 2, expression in AT2 cells.
We confirmed the presence of claudin 5 in freshly isolated AT2 cells, which previously In summary, we demonstrate in the current study expression of several claudin family members in AEC, consistent with a role for these proteins in regulating 18 paracellular permeability of the alveolar epithelial barrier. Changes in specific claudin isoform expression after exposure to EGF provides further evidence supporting a role for claudins in regulating alveolar epithelial barrier properties and suggesting a mechanism to account for increases in TER observed in our previous studies (5).
These data suggest a possible novel therapeutic approach for reversing increased AEC permeability following lung injury through over/under expression of specific claudin family members in order to restore barrier function. Immunofluorescence microscopy of AEC monolayers on day 5 demonstrated increased membrane expression of claudins 4 and 7 following exposure to EGF on day 4 relative to monolayers maintained in minimal defined serum-free medium (MDSF). Absence of staining is seen when primary antibodies are substituted by equivalent concentrations of rabbit or mouse IgG control. Red staining represents propidium iodide-stained nuclei.
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Photographs are representative of > 9 monolayers from > 3 separate preparations.
Original magnification x 400. 
